A systematic study of the electronic properties of single layer Sb (antimonene) nanoribbons is presented. By using a 6-orbital tight-binding Hamiltonian, we study the electronic band structure of finite ribbons with zigzag or armchair termination. We show that the size of the gap and its nature (direct or indirect) depends on the width of the sample and can be controlled by applying an external bias potential. An electric field applied perpendicular to the antimonene layer is found to increase the band gap, while a transverse bias potential leads to a position dependent reduction of the band gap. Both kinds of bias potential break inversion symmetry of the crystal. This, together with the strong intrinsic spin-orbit coupling of antimonene, leads to spin-splitting of the valence band states.
I. INTRODUCTION
Two dimensional (2D) materials [1] , such as graphene, transition metal dichalcogenides and hexagonal boron nitride, are attracting tremendous interest due to their unique electronic, optical and mechanical properties, remarkably different from their three-dimensional counterparts [2] . Recently, the family of 2D materials derived from the group-VA layered crystals (P, As, Sb, Bi) has been the focus of great attention [3, 4] , black phosphorus being the most well studied among them. In 2015 Zhang et al. predicted that, contrary to bulk antimony which is a semimetal, single-layer Sb (antimonene) is an indirect band gap semiconductor [5] . Soon after, it was demonstrated that atomically thin antimonene can be obtained by different means, including van der Waals epitaxy [6] , micromechanical exfoliation [7] , liquid phase exfoliation [8] , molecular beam epitaxy [9] or electrochemical exfoliation [10] . Theoretical calculations have studied in detail the electronic properties of this material [11] [12] [13] [14] [15] . Strong spin-orbit coupling was also reported, with a coupling strength of λ ≈ 0.34 eV [16] . Ab initio quantum transport calculations have shown that antimonene field effect transistors (FETs) can satisfy both the low power and high performance requirements for usage in nanoscale electronic and optoelectronic devices [17] . Previous experience with graphene and other 2D materials has further motivated theoretical studies of the electronic properties of nanoribbons of group-VA semiconductors [18] [19] [20] [21] [22] . Recently, experimental fabrication of antimonene nanoribbons has been reported [23] , demonstrating band gap opening due to quantum confinement.
In this work we study the band structure and electronic properties of Sb nanoribbons in the presence of out-of- * s.yuan@whu.edu.cn FIG. 1. Top: the buckled honeycomb lattice structure of antimony (left), an armchair SbNR (middle) and a zigzag SbNR (right). Bottom: band structure and DOS for pristine Sb calculated with the tight-binding Hamiltonian (1), with the hopping parameters given in Table I. plane and in-plane electric fields. We find that edge states are present in nanoribbons with both zigzag and armchair termination. We further demonstrate that the size and nature (direct or indirect) of the band gap of antimonene nanoribbons can be controlled by the ribbon width and by the presence of an external bias field. Application of a bias field breaks inversion symmetry which, together with the strong spin-orbit coupling in antimonene, leads to splitting of the valence band edges, with the corresponding spin-valley coupling due to Rashba effect.
The paper is organized as follows. In Sec. II we describe the tight-binding model and the details of the calculations. We also show results for unbiased nanoribarXiv:1807.04597v1 [cond-mat.mes-hall] 12 Jul 2018 bons. In Sec. III we study the effect of a perpendicular electric field on the electronic properties and the band structure of Sb-nanoribbons, and the effect of an in-plane bias field is studied in Sec. IV. Our main results are summarised in Sec. V.
II. MODEL AND METHOD
Single layer antimonene consists on a buckled honeycomb lattice of Sb atoms (Fig. 1) , with the two sublattices vertically displaced by b = 1.65Å, and with an in-plane lattice constant of a = 4.12Å. The relevant energy bands of the electronic structure, including SOC effects, are very well captured by a 6-orbitals tight-binding Hamiltonian developed by Rudenko et al. [16] , which includes the 3 p-orbitals of each of the two Sb atoms of the unit cell:
+ mn ij σ t miσ;njσ c † miσ c njσ + mn i σσ h miσ;niσ c † miσ c niσ where m, n run over orbitals, i, j run over sites and σ, σ run over spins; c † miσ (c miσ ) is the creation (annihilation) operator on orbital m at site i with spin σ. The parameters miσ account for on-site potentials, t miσ;njσ are inter-orbital hopping terms, and intra-atomic SOC is accounted by h miσ;niσ . The intra-atomic SOC constant is λ = 0.34 eV and the hopping parameters are given in Table I [16] . The corresponding density of states (DOS) is calculated from
where n labels the different energy bands. The band structure and DOS obtained with this model for bulk antimonene are shown in Fig. 1 . Single layer antimonene is an indirect gap semiconductor with a band gap of 0.92 eV. The edge of the valence band is located at the Γ point of the BZ, with main contributions from p x and p y orbitals, while the edge of the conduction band is placed at a non high-symmetry point of the BZ, with relevant contributions from all 3-p orbitals of Sb. (1), as obtained in [16] . d denotes the distance between the lattice sites on which the interacting orbitals are centered. Nc is the corresponding coordination number. The hoppings are schematically shown in Fig. 2 . Since we are interested on electronic properties of semiinfinite ribbons, the momentum parallel to the infinite edge is a good quantum number and we can Fouriertransform Hamiltonian (1) along that direction. The band structure of finite nanoribbons (we impose periodic boundary conditions along the direction parallel to the edge) with zigzag and armchair termination are shown in Fig. 3 . Firstly, the finite width of the antimonene ribbon leads to a reconstruction of the band structure with the formation of electronic bands composed by the accumulation of N subbands, where N is the number of unit cells along the width of the ribbon. Secondly, midgap edge states appear in both armchair and zigzag nanoribbons (Fig. 3) , originating from the unsaturated bond on the edge of the ribbon. This is different from graphene and black phosphorus ribbons, for which edge states are absent for armchair termination [21, 24] . The energy bands associated to the edge states are flat and weakly dispersing, leading to prominent peaks in the DOS associated to saddle points in the band structure. First-principles calculations for narrow nanoribbons of up to ∼3.4 nm predicted a direct band gap for zigzag termination [20] , result that is in agreement with our own TB calculations. By systematically studying the evolution of the bandgap with nanoribbon size, we further predict a direct-to-indirect bandgap transition for widths of ∼62 nm. The possibility of having a direct bandgap can be specially interesting for optoelectronic applications.
The electronic transmission is calculated using the band-counting method [25] :
where N k (E) is the number of bands that cross the energy E for a given wave-vector k. The results for T (E) for each termination are shown in Fig. 3 (solid red lines) , together with the DOS (solid black lines). The transmission function shows good consistence with the DOS.
The main difference between transmission of zigzag and armchair nanoribbons occurs for energies within the bulk bandgap. At these energies T (E) is dominated by edge states which, as we have seen, are different for zigzag and armchair terminations. As the ribbon width increases, the transmission function corresponding to the bulk states increases, accompanied by a reduction of the energy gap, while the transmission of the edge states remains the same. We have further calculated the effective mass of electrons m * e and holes m * h from the nanoribbon band structure (table II) . Electrons are heavier than holes for both edge terminations. We also find that carriers in zigzag nanoribbons are expected to have lower effective masses than in armchair nanoribbons. These results can be useful for calculations based on low energy k · p analytical models.
III. OUT-OF-PLANE BIAS
Application of external gate voltages is a powerful tool to control and tune the electronic and optical properties of layered 2D materials [26] . In this section we study the effect of a perpendicular bias voltage on antimonene. Since the monolayer Sb is buckled, the application of an electric field perpendicular to the sample leads to a potential difference between atoms in different planes. Therefore we introduce an out-of-plane bias ∆V P (without considering screening) by setting the on-site poten- tial on the two sublattices in Hamiltonian (1) to different values:
where z i is the z-coordinate of site i. Our results for the zigzag and armchair nanoribbon band structure, with the corresponding DOS and electronic transmission, are given in Fig. 4 . First, we notice that for both types of ribbon, we obtain a bandgap widening under the application of the electric field. The evolution with the applied bias of the valence and conduction bands, as well as the edge states, are shown in Fig. 5 . Opening of the bandgap with electric field was also predicted for singlelayer black phosphorus [27] . Interestingly, application of a bias voltage breaks inversion symmetry (sublattices A and B are no longer equivalent). This, together with the strong spin-orbit coupling leads, due to Rashba effect, to splitting of the edge states, and of the valence and conduction bands. Notice that, because of the latter, the zigzag ribbon band gap becomes indirect when a bias is applied (see insets of Fig. 4 for a close-up of the valence band edge). Application of a perpendicular bias field opens, therefore, the possibility to dynamically tuning the Rashba energy [28] , or to study unconventional transport properties associated to entanglement between spin and charge degrees of freedom [29] . The local distribution of the eigenstates can be investigated by calculating the Projected Local Density of States (PLDOS) [30] , which is the probability amplitude as a function of location, in the transverse direction of the ribbon. Our results for the PLDOS corresponding to the valence band are shown in Fig. 6 . First, we notice that in the absence of a bias field, the maximum of the valence band is doubly degenerate (due to spin). The local distribution of the VB states is maximum at the center of the ribbon, and decays as we approach the ribbon edges (panels (a) and (b)). The situation is different when an out-of-plane electric field is applied: as discussed above, due to Rashba coupling the edge of the VB is split into two maxima around Γ (see insets of Fig. 4 ) and the spin degeneracy is broken. The consequence of this on the PLDOS is seen in Fig. 6 (c) and (d) . The states corresponding to the left maximum (panel (c)) present major contribution of spin down (up) at the left (right) side of the center of the ribbon. Of course, since time-reversal symmetry must be conserved, the opposite happens for the states associated to the right VBM (panel (d) ).
IV. IN-PLANE TRANSVERSE BIAS
Another possibility to tune the band structure is to apply an in-plane electric field. This way we create a transverse bias potential along the ribbon. To account for a transverse bias ∆V T , we set in Hamiltonian (1) on-site energy
where x i is the coordinate of site i in the transverse direction. Our results for two different values of bias field are given in Fig. 7 . First, we observe a band gap reduction for both types of edge termination. The evolution of the valence and conduction band edges, as well as the position of the extrema of the edge states, are shown in Fig. 8 . Notice that the color lines, corresponding to the edge states, are cut when such states can no longer be distinguished from the conduction or valence band states in the band structure. Similarly as in the case of an outof-plane field, inversion symmetry is broken along the ribbon, and the edge states are split (see insets of Fig.  7 ).
The main difference with respect to the case of out-ofplane bias is that the edges of the valence and conduction bands correspond to states that are located at the edges of the ribbon. This is clearly seen in the PLDOS calculations (Fig. 9) . While the states that form the valence band edge are placed at the right edge (see Fig. 9 (a) and (b)), the conduction band edge is located at the left edge of the ribbon, as it can be seen in Fig. 9 (c) and (d) . These results are similar to those obtained for a black phosphorus nanoribbon in the presence of a transverse electric field [19] . The local separation between the conduction and valence bands states can be quantified by calculating the polarization [31] P = e miσ r i c † miσ c miσ , which yields P VBM = 5.61e nm and P CBM = −7.25e nm for this configuration.
Moreover, applying a transverse bias causes the valence band to split, lifting the degeneracy of the predominantly spin up and spin down states at the VBM. This is due to the fact that Rashba coupling is also present in this case (see insets in Fig. 7) , which leads to different spin polarization of the two extrema of the valence band, represented by different color of the two VBM (panels (a) and (b) of Fig. 9 ). The armchair CBM also becomes spin-polarized. For the zigzag case, and for ribbons with W < 62 nm, the CBM is at k = 0, where there is no spin-polarization.
V. CONCLUSION
In summary, we have studied the electronic properties of antimonene nanoribbons, in the presence of outof-plane and in-plane electric fields. Our tight-binding model calculations show that antimonene nanoribbons are semiconducting. We have found that, contrary to phosphorene, both kinds of termination, zigzag and armchair, present edge states inside the gap. We have found that the nature of the band gap for zigzag nanoribbons is width dependent: for narrow ribbons we find a direct band gap, that becomes indirect for nanoribbon widths of more than ∼ 62 nm. Under the application of external bias fields, we have demonstrated that the gap can be enhanced by applying an out-of-plane bias. Under a transverse in-plane electric field, the gap decreases. Furthermore, a transverse bias leads to spatial separation between the states forming the edges of the valence and conduction bands. Both types of bias cause valence band splitting, due to Rashba coupling induced by lack of inversion symmetry. Such splitting is accompanied by a different spin polarization of the two mini-valleys at both sides of Γ point.
